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Abstract: An X-ray nonthermal spectral investigation of the galactic shell-type supernova remnant (SNR) Vela Jr.
using archival data from Chandra for the northern and northwestern rims of the SNR is presented. Spectra were extracted
from four emission regions in these rims (three in the northwestern rim and one in the northern). The X-ray spectra of
the northwestern rim were well reproduced by a single power-law and the synchrotron model srcut, and for the north rim,
the spectra were fitted by a single and a broken power-law, respectively. The spectra of both rims show no line emission.
Each spectrum was fit by subtracting the modeled and nonmodeled background spectra, and statistically acceptable fits
to all regions were derived using each model. Slight variations in derived fit parameters (such as photon index and roll-oﬀ
frequency) with the background modeling method are also reported.
Key words: X-rays, interstellar medium, supernova remnants, Vela Jr., (G266.6–1.2, RX J0852.0–4622)

1. Introduction
Shocks of supernova remnants (SNRs) are known as cosmic ray accelerators. They are widely believed to be the
primary sites for the galactic cosmic ray acceleration mechanism up to the “knee” of the cosmic ray spectrum
at energies of approximately 10 3 TeV. As revealed by the X-ray observatories, shells of several young SNRs are
synchrotron X-ray emitters and particle accelerators [1,2]. Considering that, synchrotron X-ray from SNRs is
a powerful tool to understand the cosmic ray acceleration processes. However, observations of the SNRs with
synchrotron X-ray emitting shells are limited [3]. The first observational result of the synchrotron X-rays was
from shells of SN 1006 [1] and indicated that SNRs accelerate electrons up to approximately TeV energies.
Recently, nonthermal X-ray emission has been detected from a growing number of SNRs in the galaxy with
modern X-ray observatories (e.g., G347.3–0.5 [2,4]; G266.2–1.2 [5]; G111.7-02.1 [6]). Young SNR Vela Jr. (also
called RX J0852.0–4622 and G266.6–1.2) was originally discovered in the ROSAT All-Sky Survey data [7]. Vela
Jr. is a nearby and young SNR, circular with a diameter of approximately 2 ◦ in the line of sight to Vela SNR.
The age and the distance of Vela Jr. were estimated as 2400–5100 years and 0.5–1 kpc [8], respectively. It has
a synchrotron X-ray shell [5,9] and is one of the few TeV-emitting SNRs. Its emission is particularly enhanced
along limbs (e.g., northern (N), northwestern (NW), southern). The NW rim was reported to have bright
synchrotron X-ray filaments [9]. With the ROSAT data, the nonthermal emission of the SNR was reported to
have a photon index (Γ) of approximately 2.6 [7]. Also, in the ASCA study, X-ray emission from bright rims
∗ Correspondence:
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of the SNR was to be characterized by a power-law with a Γ of approximately 2.6 [5]. In the Chandra spectral
analysis of the NW rim of the SNR, the photon index was approximately 2.7 [9], while in the XMM-Newton
analysis it was approximately 2.6 [10].
In recent years, the importance of background modeling in spectral analysis has been emphasized in many
studies (e.g., [11–13]). It is a key process to understand the eﬀect of the SNR’s environment (e.g., its distance
from the galactic latitude) on its X-ray emission spectrum.
Analyzing nonthermal emission in the SNRs with various nonthermal models provides information about
the key spectral properties of the emission (such as photon index and roll-oﬀ frequency). By using these results,
several features about the remnant might be extracted.
Maximum energy of accelerated electrons (E max,e ) and the magnetic field strength (B) determine the
spectrum of synchrotron emission, which is a roll-oﬀ energy and a key observational feature [14]. In other
words, these parameters are constrained by measuring the roll-oﬀ frequency of the spectrum (νroll ) , which is
proportional to BE 2max,e and corresponds to the characteristic synchrotron frequency of electrons with E max,e
[15], [16]. Also, synchrotron X-rays indicate that young SNRs act as electron accelerators up to 10–100 TeV
[1], and they are emitted by electrons whose energy is near E max,e [9,17,18]. As they age, the roll-oﬀ frequency
becomes smaller [3].
Therefore, precise background modeling is critical in estimating the reliable values of roll-oﬀ frequency
and other spectral parameters, no matter what model is used (thermal or nonthermal).
In this paper, the X-ray spectral properties of the NW and N rims of Vela Jr. are investigated based on
approximately 39, 35, and 40 ks Chandra observations. For this investigation, the Chandra data of the NW and
N rims of the SNR were reanalyzed. Two background estimation techniques were applied for each spectrum
of Vela Jr., subtracting the nonmodeled (BGD-1) and modeled background (BGD-2) spectra to emphasize the
background estimation technique by taking the galactic location of the SNR into consideration for a comparable
study with three Chandra observations. The background regions were extracted from the same field of view for
each observation (dashed areas in Figures 1 and 2).

Figure 1. Chandra ACIS-I image of the N rim of Vela Jr.
in the 2–7 keV energy band. The spectral analysis region
is shown by the cyan elliptical area. The dashed lined
rectangular region represents the background region.

Figure 2. BGD-2 subtracted spectrum of the selected
emission region on the N rim of the SNR, fitted with an
absorbed power-law model in the 2–5 keV energy band.
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This paper is organized as follows. In Section 2, the Chandra observations and the data reduction
techniques are described and the spectral analysis procedures are presented. The results are discussed in
Section 3. The conclusions are summarized in Section 4.
2. Analysis
2.1. X-ray observations and data reduction
Archival data acquired by Chandra were analyzed as summarized in Table 1. The fields of view are shown
in Figures 1 and 2. The observations were performed by Advantage CCD Imaging Spectrometer (ACIS-I
and ACIS-S). In the analysis, the most recent data reduction algorithms and calibration products were used
(Heasoft 6.20 (https://heasarc.nasa.gov/lheasoft/), CIAO 4.8 (http://cxc.harvard.edu/ciao/), CALDB 4.7.0,
XSPEC 12.9.1 (https://heasarc.gsfc.nasa.gov/xanadu/xspec/), and AtomDB 3.0.8 [19,20]). As in the standard
procedure by the Chandra X-Ray Center (http://cxc.harvard.edu/index.html), the event list Chandra files were
reprocessed using the script chandra repro, and the dmcopy script was used on the event files for restricting
the energy ranges and creating the images. In order to improve the statistics of the models and to present the
characterization of spectra clearly, the spectrum files of the NW rim observations were merged (Obs. Id. 3846
and Obs. Id. 4414). Hence, the combine spectra task was used in CIAO to combine each spectrum file.
Table 1. Chandra observations of the N and NW rims.

Rims of
Vela Jr.
NW
NW
N

Obs.
Id.
3846
4414
9123

Dates
2003-08-31
2003-01-06
2008-08-31

Pointing directions
(αJ2000 , δJ2000 ) (αJ2000 , δJ2000 )
08h 49m 07s .92, –45◦ 37′44.40
08h 49m 07s .92, –45◦ 37′44.40
08h 49m 18s .00, –45◦ 42′46.00

Detectors
ACIS-S
ACIS-S
ACIS-I

Exp.
(ks)
39
35
40

2.2. X-ray spectral analysis
Figures 1 and 2 show ACIS-I and ACIS-S images of the N and NW rims of Vela Jr. in the 2.0–7.0 keV energy
band. The emissions of specific regions were characterized. For the NW rim of the SNR, two elliptical regions
centered at the source location with areas of 2.59 and 1.71 arcmin 2 were selected, and a third source was
selected excluding these regions from it, with an area of 14.65 arcmin 2 . For the N rim of the SNR, the emission
was selected from a 15.22 arcmin 2 elliptical area. All these regions are shown by solid ellipses in Figures 1 and
2, respectively, and they were selected through their X-ray peak emissions.
For the Chandra observation of the N rim of the SNR, the background spectrum was extracted from a
source-free region in the same field of view (the white dashed rectangular area in Figure 1).
For the Chandra observation of the NW rim of Vela Jr., because of the diﬀerence of background levels
among the back-illuminated chips and the front-illuminated chips in the ACIS-S detector, the background
spectrum was extracted from a source-free area in the same chip, near the selected regions (the magenta dashed
rectangular area in Figure 2).
2.2.1. Background estimation
For both the N and NW rims of Vela Jr., the spectra of the selected sources were first fitted by subtracting
the BGD-1. Next, the background spectra of the sources on the NW and N observations were modeled with a
specific approach (BGD-2).
168

CESUR et al./Turk J Phys

Vela Jr. is on the galactic plane (l = 266. ◦ 259, b = –01. ◦ 220), so possible contamination of the
galactic ridge X-ray emission (GRXE) was evaluated [21]. First, the background spectrum of the N rim was
fit with GRXE, in addition to the fixed cosmic X-ray background (CXB) model [22]. For the GRXE model,
a photo-absorbed two-temperature thermal plasma emission model (apec in XSPEC) was employed. Electron
temperature (kT e ) parameters were set for high- and low-temperature plasma-free, and the absorption column
density provided by [23] was assumed for the remnant, as in [24]. Also, these parameters were fixed to the
galactic column density N H = 4.0 × 10 22 cm −2 with plasma temperatures of 1.66 keV and 15.1 keV [24,25].
Both models yielded statistically unacceptable fits (χ2 /degrees of freedom (d.o.f.) > 2) and very high kT e
values, which are not physically meaningful.
Next, GRXE emission was neglected by assuming its aﬀectless feature on the spectra. Hence, for the
N rim, the background spectrum was fit properly with the assumption that the emission contains CXB and
foreground emission (FE). The background spectrum was fitted with a model of Abs1 × power-law + apec,
where apec is a collisional ionization equilibrium plasma model in the XSPEC and represents the FE component,
while an absorbed power-law model represents the CXB emission defined under the assumption of a power-law
shape with a photon index of 1.41 and a surface brightness value of 5.41 × 10 −15 erg s −1 cm −2 arcmin −2 in the
2–10 keV band [22]. Next, the background spectrum was simulated using the fakeit command in XSPEC and
subtracted from the source spectrum. All spectra were grouped with 25 counts bin −1 . The best-fit parameters
of the background spectrum are shown in Table 2.
Table 2. Best-fit parameters for the background spectrum of the northern rim of Vela Jr. (hereafter, parentheses
indicate single-parameter 90% confidence intervals).

Component
CXB (power-law )

FE (apec)

Parameter
NH (1022 cm−2 )
Photon index
S.B. (erg s−1 cm−2 arcmin−2 )*
kT (keV)
norm (10−3 photons cm−2 s−1 )
χ2 / d.o.f.

Values
0.67 (fixed)
1.41 (fixed)
5.41 × 10−15 (fixed)
0.671 (0.717–0.762)
0.744 (0.866–1.106)
290.64 / 340

*Surface brightness in the 2–10 keV band [22].

As in the background modeling for the N rim observation, the GRXE component was negligible. Hence,
fitting the background spectrum with a single CXB component was suﬃcient for the spectral analysis for this
region. The aforementioned parameters were used for the CXB component, except that the column density
was set free. Same as the previous background modeling, the background spectrum was simulated using the
fakeit command and subtracted from the source spectrum. All spectra were grouped with 25 counts bin −1 .
The best-fit parameters of the background spectrum for the NW rim are shown in Table 3.
Table 3. Best-fit parameters for the background spectrum of the NW rim of Vela Jr.

Component
CXB (power-law )

Parameter
NH (1022 cm−2 )
Photon index
S.B. (erg s−1 cm−2 arcmin−2 )*
χ2 / d.o.f.

Values
2.51 (3.29–1.83)
1.41 (fixed)
5.41 × 10−15 (fixed)
262.44 / 341

*Surface brightness in the 2–10 keV band [22].
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2.2.2. Spectral fitting
The absorption column density was fixed at 6.7 × 10 21 cm −2 [26] (tbabs in XSPEC [27]), with the metal
abundance adopted from [27]. An energy range of below 2 keV was restricted to avoid thermal contamination
from the Vela SNR for all fits because of ambiguity caused by this remnant [26].
The spectral analysis region on the N rim was fitted with an absorbed single power-law model in XSPEC.
Then the same region was fitted with the BGD-2 subtracted spectrum with an absorbed single power-law and
an absorbed broken power-law model, respectively. The absorbed broken power-law model gave an acceptable
reduced chi-square value compared with the absorbed single power-law model. In all fits, N H was always fixed
to 6.7 × 10 21 cm −2 , as mentioned before, and Γ, breaking energy, and the normalizations were set as free
parameters. All spectra were fitted in the 2.0–5.0 keV eﬀective energy band. The best-fit parameters are shown
in Tables 4 and 5 for BGD-1 and BGD-2 spectra, respectively. The BGD-2 subtracted ACIS-I spectrum is
shown in Figure 3.
Table 4. Best-fit parameters for BGD-1 subtracted spectrum of selected emission region in the N rim of Vela Jr.

Component
power-law

Parameter
NH (1022 cm−2 )
Photon index
norm (10−3 photons cm−2 s−1 )
χ2 / d.o.f.

Values
0.67 (fixed)
2.55 (2.63–2.47)
3.02 (3.32–2.75)
208.46 / 195

Table 5. Best-fit parameters for the BGD-2 spectrum of the selected emission region on the N rim of Vela Jr.

Component
broken power-law

Parameter
NH (1022 cm−2 )
Photon Index1
Photon Index2
Breaking energy (keV)
norm (10−3 photons cm−2 s−1 )
χ2 / d.o.f.

Values
0.67 (fixed)
2.37 (2.45–2.29)
0.15 (0.65–(-0.37))
2.0 (fixed)
2.93 (3.21–2.68)
196.59 / 193

Figure 3. Chandra ACIS-S image of the NW rim of Vela Jr. in the 2–7 keV energy band. The spectral analysis regions
are shown by cyan (1), white (2), and green (3) elliptical areas. The background region is shown by the magenta dashed
rectangular area.
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The three spectral analysis regions on the NW rim were fitted with an absorbed single power-law model
and an absorbed srcut model [15,16,28]. While applying the power-law model, as in the spectral analysis of the
N region, N H was fixed to 6.7 × 10 21 cm −2 , and the other parameters were set free. While fitting the srcut
model, a synchrotron origin was assumed for the hard X-ray emission observed from the SNR, and employed
spectral index ( α) and flux density values were assumed to be approximately 0.52 and 0.074 Jy at 1 GHz [29],
respectively, while the galactic hydrogen column density parameters were set as free for the sources region-1
and region-2. In the previous studies of Vela Jr., α was approximately 0.3 in the NW region [30], and the flux
density at 1 GHz was approximately 50 Jy from entire region of the SNR [31].
After spectral analysis of region-1 and region-2, they were excluded from emission region-3 (Figure 2) in
order to characterize the whole nonthermal emission of the NW rim, taking into account the nearby emission of
these X-ray peaks (Figure 2). All spectra were fitted in the 2.0–5.0 keV range in order to focus on the eﬀective
high-energy band from the emission. The best-fit parameters are shown in Tables 6 and 7 for BGD-1 and
BGD-2 subtracted spectra, respectively. The BGD-2 subtracted ACIS-S spectrum is shown in Figure 4, which
represents an example of the X-ray spectra of Vela Jr. as extracted from the NW rim. The spectra for each
region, with two estimated background methods, have features similar to the spectrum shown in Figure 4.

Figure 4. BGD-2 subtracted spectrum of the selected emission region-1 on the NW rim, fitted with an absorbed
power-law model in the 2–5 keV energy band. The figure shows an example of the X-ray spectra of the NW region.

3. Results and discussion
In this paper, Vela Jr. was studied in the X-ray band using data from the Chandra Observatory. The nonthermal
emission from the NW and N rims of the SNR were initially investigated using the selected emission regions;
thus, the X-ray spectrum of each of the two rims was analyzed separately. Both rims have a power-law continuum
spectrum for Ex ≥ 2.0 keV, which can be also well fitted by the srcut model of XSPEC for the NW rim.
The best-fit parameters of the BGD-2 subtracted spectrum of the N rim was provided by an absorbed
single power-law model with a χ2 / d.o.f. value of approximately 1.07, with Γ of approximately 2.55. On the
other hand, the best-fit parameters of the BGD-2 subtracted spectrum gave the values of a breaking energy of
approximately 4.85 keV for Γ and approximately 2.37 for E < E break , and Γ was approximately 0.15 for E >
E break with a χ2 / d.o.f. value of 1.02. An absorbed single power-law model gave a high χ2 / d.o.f. value for
this spectrum. Eventually, the photon index value of the BGD-2 subtracted spectrum is lower than the value
of the BGD-1 subtracted spectrum.
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Table 6. Best-fit parameters for BGD-1 subtracted spectrum of selected emission region on the north-western rim of
Vela Jr.

Component

Parameter

power-law

NH (1022 cm−2 )
Photon index
norm (10−3 photons cm−2 s−1 )
χ2 / d.o.f.
NH (1022 cm−2 )
Spectral index (α)**
νrollof f (1016 Hz)
norm (Jy at 1 GHz)**
χ2 / d.o.f.

srcut

Values
Source No. 1
0.67 (fixed)
2.52 (2.64–2.40)
0.79 (0.90–0.69)
115.25 / 108
0.98 (1.33-0.63)
0.52 (fixed)
10.14 (10.64–9.65)
0.074 (fixed)
115.95 / 108

Source No. 2
0.67 (fixed)
2.64 (2.78–2.50)
0.67 (0.76–0.57)
85.06 / 84
0.92 (1.34–0.50)
0.52 (fixed)
7.84 (8.27–7.42)
0.074 (fixed)
85.98 / 84

Source No. 3
0.67 (fixed)
2.52 (2.60–2.44)
2.05 (2.23-1.88)
170.63 / 182
0.67 (fixed)*
0.52 (fixed)
27.03 (27.73–26.34)
0.074 (fixed)
196.59 / 193

*[26], **[29].
Table 7. Best-fit parameters for BGD-2 subtracted spectrum of selected emission region on the north-western rim of
Vela Jr.

Component

Parameter

power-law

NH (1022 cm−2 )
Photon index
norm (10−3 photons cm−2 s−1 )
χ2 / d.o.f.
NH (1022 cm−2 )
Spectral index (α)**
νrollof f (1016 Hz)
norm (Jy at 1 GHz)**
χ2 / d.o.f.

srcut

Values
Source No. 1
0.67 (fixed)
2.42 (2.53–2.31)
0.77 (0.87–0.68)
115.99 / 108
1.14 (1.47–0.82)
0.52 (fixed)
11.12 (11.64–10.62)
0.074 (fixed)
119.98 / 108

Source No. 2
0.67 (fixed)
2.53 (2.66–2.40)
0.64 (0.74–0.55)
85.17 / 84
1.12 (1.51–0.73)
0.52 (fixed)
8.51 (8.94–8.08)
0.074 (fixed)
88.63 / 84

Source No. 3
0.67 (fixed)
2.37 (2.45–2.29)
2.02 (2.09–1.96)
167.78 / 182
0.67 (fixed)*
0.52 (fixed)
33.32 (34.07–32.58)
0.074 (fixed)
179.51 / 183

*[26], **[29].

On the other hand, for all the emission regions, with the best-fit parameters of the BGD-2 subtracted
spectra of NW, the photon indices are lower than those of the BGD-1 subtracted one. This situation is opposite
for the srcut model and the roll-oﬀ frequency (νroll ), and it is slightly higher than the previous approach.
Moreover, both situations gave acceptable reduced χ2 values.
In summary, for both N and NW rim analysis, one can clearly see that the photon indices of the BGD-2
subtracted spectra of emission regions (Tables 5 and 7) are always lower than the ones in the classical background
estimation method (Tables 4 and 6). Furthermore, while these results are compatible between each other, they
are lower than the calculated Γ results in the literature. A similar situation is observed for the calculated
roll-oﬀ frequencies in this study. Formally (i.e. based on reduced χ2 ), the fits are acceptable for BGD-1 and
BGD-2 subtracted spectra for both the NW and N rims, with significant diﬀerence of the best-fit photon index
and roll-oﬀ frequency parameters for the two regions.
In the Chandra study of the NW rim, the roll-of frequency was approximately 4.3 × 10 16 Hz according
to the srcut spectra of the selected filaments. In the other Chandra study [29], νroll was approximately 15.80 ×
10 16 Hz, assuming a spectral index of approximately 0.52 for the selected emission regions and also that Vela
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Jr. does not currently accelerate electrons to the “knee” energy of the cosmic ray spectrum. In this study, for
both BGD-1 and BGD-2 subtracted spectra, the roll-oﬀ frequency was lower than these values (Tables 6 and
7) for the selected regions; only region-3 had higher values than these.
4. Conclusions
In this work, the results of spectral analysis of Vela Jr. based on Chandra observations are presented, and two
regions of this remnant are studied. The conclusions can be summarized as follows:
1. The NW rim was studied as two separated filament-like structures and their surrounding environment.
The N rim analysis was carried out with one emission region. The high-energy sections of the spectra
of both rims are consistent with a power-law shape. Therefore, spectra were extracted from four regions
that were sampled using the ACIS-S and ACIS-I arrays and were fit using a simple power-law, a broken
power-law, and a synchrotron model srcut. Statistically acceptable fits were derived using each model by
subtracting modeled and nonmodeled background spectra.
2. A precise background modeling aﬀects the results of spectral analysis. For example, a reliable method
might be eﬀective in estimating the maximum energy of accelerated electrons (E max,e ) , which is calculated
from roll-oﬀ frequency, and a key parameter for understanding the spectrum of synchrotron emission. For
this reason, two diﬀerent background methods were employed (described in Section 2.2.1) to estimate the
spectral parameters of Vela Jr. As already implied, statistically acceptable fits were derived. However,
slight variations were seen in derived fit parameters of the photon indices and roll-oﬀ frequencies between
modeled and nonmodeled background spectra. These variations possibly indicate the diﬀerences in how
background estimation methods aﬀect the analysis results.
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